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I The deconfinement phenomenon happens gradually and is indicated by
full temperature dependence of various observables (inflection points are
not helpful here), therefore no unique temperature can be associated
with deconfinement
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We assume the same p
T

distribution for χc and ψ′ as
that for J/ψ and estimate their survival probabilities in a
similar way as Eq. (3) with a common melting tempera-
ture Tψ′ = Tχc

≡ Tχ. Thus, the total survival probability
of J/ψ is obtained by taking into account the total feed
down fraction f

FD
from χc + ψ′ to J/ψ as

Stot
J/ψ = (1 − f

FD
)SJ/ψ + f

FD
Sχ, (4)

where Sχ denotes the survival probability of χc or ψ′ .
Although the precise values of TJ/ψ,χc,ψ′ should be

eventually calculated from lattice QCD simulations with
dynamical light quarks, we take those as free parameters
to fit the present experimental data of Stot

J/ψ. The feed
down fraction f

FD
is also treated as a free parameter.

At present, its value measured at different energies has a
large uncertainty, 15% − 74% [24]. Also it may well de-
pend on collision energy and has not yet been measured
at the RHIC energy. As we will see below, the shape
(magnitude) of Stot

J/ψ as a function of Npart is essentially

determined by TJ/ψ (f
FD

).

C. Numerical Results

Experimental survival probability of J/ψ in the mid-
rapidity region in Au+Au collisions at RHIC is shown as
filled circles in Fig. 2, where gluon shadowing and nuclear
absorption with σabs = 1 mb are taken into account as
CNM effects [11]. Bars and brackets correspond to the
uncorrelated and correlated errors with respect to Npart,
respectively [7]. Boxes correspond to the uncertainties
associated with the nuclear absorption cross section of
0 mb − 2 mb [11].
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FIG. 2: Survival probabilities Stot
J/ψ (solid line), SJ/ψ

(dashed line), and Sχ (dotted line) in the hydro+J/ψ model
as a function of the number of participants Npart with
(TJ/ψ, Tχ, f

FD
) = (2.02Tc, 1.22Tc, 0.30). Filled symbols are

the experimental survival probability in the mid-rapidity of
J/ψ in Au+Au collisions at RHIC [7, 11].

The solid line corresponds to the net survival probabil-
ity Stot

J/ψ obtained from our hydro+J/ψ model with the

best fit parameters (χ2 = 0.86 for Npart ≥ 50),

(TJ/ψ, Tχ, fFD
) = (2.02Tc, 1.22Tc, 0.30), (5)

while SJ/ψ and Sχ are shown by dashed and dotted lines,
respectively.

Decreasing of Stot
J/ψ with increasing Npart is reproduced

quite well with the scenario of sequential melting in ex-
panding fluid: Onset of genuine J/ψ suppression around
Npart ∼ 160 can be clearly seen by the dashed line in
Fig. 2, which results from the fact that the highest tem-
perature of the matter reaches to TJ/ψ at this centrality
(See Fig. 1 for comparison). Gradual decrease of Stot

J/ψ

above Npart ∼ 160 reflects the fact that the transverse
area with T > TJ/ψ increases.
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FIG. 3: Survival probability Stot
J/ψ as a function of the num-

ber of participants Npart, where melting temperature of J/ψ is
1.90Tc (dashed), 1.96Tc (dotted), 2.02Tc (solid with open cir-
cles), 2.08Tc (dash-dotted), and 2.14Tc (solid).

Sensitivity of Stot
J/ψ to the melting temperature of

J/ψ is shown in Fig. 3. Here, f
FD

and Tχ are fixed
to be 30% and 1.22Tc, respectively, as given in Eq. (5).
The shape of the theoretical curve of Stot

J/ψ is sensitive to

TJ/ψ: Even the 6% change of the melting temperature
of J/ψ from the best fit value 2.02 Tc causes a substan-
tial deviation from the experimental data. To make this
point clearer, we show, in Fig. 4, the χ2 contour plot
in the plane of TJ/ψ/Tc and Tχ/Tc with f

FD
being fixed

to 0.30. The cross symbol corresponds to Eq. (5) which
gives minimum χ2. Solid and dashed lines correspond to
the 1σ and 2σ contours, respectively. It is seen that TJ/ψ

can be determined in a narrow region around 2Tc, while
Tχ is not well determined because the feed-down effect is
not a dominant contribution to Stot

J/ψ.
TJ/ψ is also insensitive to the nuclear absorption

cross section. Taking σabs = 0 mb (2 mb) as an
upper (lower) bound [11], we found (TJ/ψ, Tχ, fFD

) =
(2.00Tc, 1.02Tc, 0.35) with minimum χ2 of 0.97 for
Npart ≥ 50 ((TJ/ψ, Tχ, fFD

) = (2.02Tc, 1.02Tc, 0.15) with
minimum χ2 of 0.87 for Npart ≥ 50). The change of σabs

affects only the overall normalization of Stot
J/ψ, whose ef-

fect is mostly absorbed by the change of f
FD

. In other

Survival(probability(of(J/ψ �
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LaBice(QCD(at(finite(temperature�
QCD:(Strong(non?linearity(and(multi?dimensional(integrationE

((((((((((((((((((((((((((((Numerical(simulations(with(probability(distribution(on(finite(laBice( �

LaBice(formulation:(imaginary(time((Euclidian)(formalismE
E
E

(((((((((((((((((((((((((((((((((((((((((((((((((((((limitations(of(temporal(size(at(finite(temperatureE

�O� =
1
Z

�
dUd�̄d�O(U, �̄, �)e�Sg�Sq

� 1
N

N�

i=1

O(Ui) Ui:(configurations�

S =
� 1/T

0
d�

�
d3xL(�,x)�

�

n� ,nx

L(n� , nx)

Hadrons(on(laBice:(temporal(correlation(function �

…difficult(to(extract(meaningful(signal(at(E

e.g.)(mesonE
E
(((((m0:(mass(of(ground(state �

JH(�,x) = q̄�Hq(�,x)G(�) =
�

x

�J†
H(0,0)JH(�,x)� �������� Ae�m0�

� < 1/T



Spectral(function( �

e.g.)(temporal(correlation(functionE

E

((((((((((((((((((zero(mode(((((((((non?decaying(constant(contributionE

G(�, T ) =
�

d3x�J†
H(0,0)JH(�,x)� =

� �

0
d�K(�,�, T )�(�, T )

G(z, T ) =
� �

0

2d�

�

� �

��
dpze

iPzz�(�, pz, T )

Meson(correlation(function(to(spatial(directionE
E
E
E
E
Screening(mass:((response(to(meson(due(to(thermal(effectE
((((((((((((((((((((((((((((((advantage(�

K(�,�, T ) =
cosh(�(� � 1/2T ))

sinh(�/2T )

G(z, T ) =
�

dxdy

� 1/T

0
d��J†

H(0,0)JH(�,x)� z������ Ae�M�z

LaBice(QCD(at(finite(temperature�

z < Lz

�(�, pz, T ) � �(�2 � p2
z �M2)At(low(T:((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((screening(mass(=(peak(positionE

At(high(T:((zero(mode((((((((((((((((((((((contact(term(of(free(quarks���(�)

Estimation(of(survival(and/or(modification(temperature(of(meson(states �



Meson(screening(mass(at(finite(T�
Boundary(Condition:(Investigation(of(hadronic(modificationE

((((((Anti?periodic(BC:E

((((((Periodic(BC:(E

q(�x, 1/T ) = �q(�x, 0)

q(�x, 1/T ) = q(�x, 0)

Screening(mass(in(thermal(medium…E

(((at((((((((((((((,(meson(bound(state:(pole(mass(at(T(=(0:E
((((((((((((((((((((((((((((((((((((((Bosonic(state:((no(BC(dependenceE
E

(((at((((((((((((((((,(bound(states(broaden:(sensitive(to(quark(structureE

((((((((((((((((((((((((((((((((((((((Fermionic(contribution:((E
(((E

((at(((((((((((((((((,(free(meson(with(two(quark(propagatorsE

((((((((((((((((((((((((((((((which(have(the(lowest(Matsubara(mode: �

M(T ) � m0T � 0

T � Tc

T ��

MAPB �= MPB

MAPB
free � 2

�
(�T )2 + m2

q

MPB
free � 2mq



Previous(results(on(charmonium(in(laBice�

Temporal(correlation(in(quenched(QCD((a(part(is(full?QCD)E

"  1S(charmonium(state(survives(at(T(<(1.6TcE

((((((in(maximum(entropy(methodE

E
((((((in(variational(methodE
E
"  no(peak(of(bound(state(at(T(~(1.46Tc(with(a(=(0.01(fm(in(MEME

Spatial(correlation(in(full?QCDE
"  significant(modification(at(T(~(1.5Tc(in(staggered?p4(actionE

in(this(study:((spatial(correlation(in(2+1(flavors(of(HISQE

(((((((((((((((((((((((((charmonium,(open?charm(and(strangeness(sectors �

Asakawa(et(al.((2001)((2004),(Weforke(et(al.((2002),(Umeda(et(al.((2005),E
DaBa(et(al.((2004),(Jakovac(et(al.((2007),(Aarts(et(al.((2007)E
E
E
Iida(et(al.((2006),(Ohno(et(al.((2011)E
E
E
Ding(et(al((2010)E
E
E
E
E

Karsch(et(al.((2012) �



LaBice(simulations((
with(HISQ�



Highly(Improved(Staggered(Quarks�
(((((((((((((HISQ(action((((((((Bazavov(et(al.((2011)E

Reduction(of(the(taste(violationE

Control(of(the(cutoff(effects 
E

Bulk(thermal(properties:(investigatedE
((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((Hot?QCD(Coll.((2011)E

abundant(statistics(with(widely(T(range:(utilizable �

((((((LaBice(setupE

2+1(flavor(QCD((charm(quenched)E

ml/ms(=(0.05((mπ~160(MeV,(mK~504(MeV)E

483x48(or(64(at(T(=(0E
483x12,(β =(6.664—7.280((T(=(138—245(MeV,(15(points)E

Nτ=10,(8,(6,(4(at(β =(7.280,(Ns/Nτ=4((T(=(297—743(MeV)E

scale:(fk(inputE

meson(propagators:(point(and(wall(sources((5000—10000(traj.)E

Taste symmetry
I Taste violations a↵ect the pseudo-scalar meson sector most

I The quadratic mass splitting of non-Goldstone mesons and the Goldstone meson is of
order ↵2a2 (left panel).

I These splittings are to a good approximation mass independent

I The root-mean-squared (RMS) pion mass for asqtad, stout and HISQ (right panel)12:
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I Arrows on the right panel indicate T = 160 MeV on lattices with N⌧ = 6, 8 and 12
(from right to left)
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